• The ejection of blood into the root of the aorta by the heart produces pressure changes which are transmitted peripherally through the vascular bed. The propagation of these pressure waves has been a topic of interest and conjecture for a number of years because of its importance in the study of the physical properties and energetics of the vascular bed. As a result many data have accumulated in the literature on the subject both in dog and in man. 1 " 20 The studies in man, however, have been limited usually to the transmission of pressure pulses between two points, e.g., the central aorta and one of the peripheral arteries. 13^15 ' 1T The present study was undertaken to explore the propagation of the pressure contour sequentially along the aorta in normal, awake human subjects in an effort to define better the mechanical behavior of this system. For this purpose pressure pulses were recorded from five sites along the aorta from the ascending aorta to the bifurcation.
Methods
Six subjects without cardiovascular disease were studied in the supine position having received no premedication. Instantaneous pressures were measured with a specially designed catheter with lateral openings one cm proximal to its tip. The catheter was introduced into the aorta from the femoral artery under local anesthesia and advanced to the aortic valve under fluoroscopic control. Pressures were recorded in the ascending, thoracic, and abdominal aorta. The catheter was connected to a Statham strain gauge P23Db using a Sanborn 350-1500 low level d-c amplifier. The electrical signal from the amplifier, representing pressure, was monitored on a Sanborn 350-1100, 6-channel direct-writing recorder and was recorded on an Ampex CP100-FM tape recorder. The frequency response of the system was tested prior to each study and was required to have a uniform (±5%) amplitude response to at least 15 cycles/sec. The phase lag was approximately l°/cycle/sec over this frequency range.
Pressure pulses were selected for analysis from the FM tapes which met the criteria of a constant heart rate for three to five beats at each site (±0.5%) which did not vary from site to site by more than ± 2.5%. Using the peak of the QRS complex on the electrocardiogram to define the beginning and end of a period, representative pressure contours were divided into 101 time increments. The average ordinate value of pressure in each of these increments was measured on a Gerber model S10D X-Y scanner, and converted to four digit numbers suitable for input to a Honeywell 800 computer. Using standard programming techniques each pressure contour was subjected to Fourier analysis.
A periodic pressure wave may be expressed as the sum of an infinite series (the Fourier series) of sinusoidal waves by the following formula: F m = a n cos sin where F t is the pressure curve, n is the harmonic number, a n and b n are the Fourier coefficients, co is the fundamental angular frequency and t is time. The coefficients a n and b n can be resolved into a single rotating vector as was done in this paper. The magnitude or modulus (M n ) of this vector is given by and the starting phase angle (0) is given by
Results
Representative pressure contours for the several sites along the aorta appear in the panels of figure 1. Each contour was recreated on a Gerber automatic plotter from the digital information representing the original pressure curves.
Each panel illustrates certain general features. First, the average or mean pressure varies within ± 5% from aortic root to bifurcation. Second, the contours shift in time progressively down the aorta. Third, the contours become progressively distorted and show a trend toward an increase in peak to nadir value as they are propagated peripherally. These observations will be discussed in greater detail subsequently.
The general pattern of pressure propagation as revealed by visual inspection of the curves in figure 1 was confirmed by Fourier analysis, i.e., like harmonics were progressively delayed in time with distance along the aorta. Moreover, similar harmonic patterns were found in all subjects. Because this was so, it is probably permissible, for simplicity in this presentation, to average data from all six subjects.* The pressure moduli and the phase angles were averaged at each position along the aorta in groups of six. and phase taken in order of ascending frequency. The average frequency for each of these groups is given in table 1. Hereafter, these groups will be referred to as "frequency groups." These averaged moduli and phase angles appear in figure 2 as functions of distance along the aorta.
In figure 
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increase with distance along the aorta. This increase is not uniform, but shows some undulations. In figure 2B it can be seen that phase angles decrease with distance. Despite some fluctuations, the over-all decrease becomes greater with increasing frequency.
The velocity with which a sinusoidal pressure wave appears to be traveling is called the apparent phase velocity. The average apparent phase velocity (C a ) may be calculated from _ / X 360 X A Z a~ A6» ( ' where / is the frequency of the sinusoidal wave in cycles/sec, AZ is the separation of two points Zi and Z2 along the vessel and A 8 is the phase difference (in degrees) of the wave between Z x and Z 2 . If AZ is in meters, C a will be in m/sec. Average values for C a for this group of normal subjects can be calculated from the phase vs. distance information in figure 2B . A plot of the average apparent phase velocity between each measuring site along the aorta for each frequency group appears in figure 3. It is clear that
FREQUENCY GROUP FIGURE 3
Average values for apparent phase velocities as a function of frequency and position. the apparent phase velocity is a function of both frequency and location.
Discussion
Several studies have been done with special care to obtain accurate dynamic pressure measurements along the aorta. 4 
The results of these experiments agree with those of the present study on at least three points. First, the average pressure drops only slightly (5 to 1%) between the root of the aorta and the bifurcation. Second, the contour of the pressure pulse changes markedly as it is propagated. Third, the peak to nadir value of the pressure pulse tends to increase peripherally. It is generally agreed that the inference to be drawn from the first point is that only a small portion of the energy developed by the heart is dissipated by friction in the major arteries. In contrast, there is no general agreement regarding the explanation of the last two observations, i.e., the progressive distortion and increase in peak to nadir value of the pressure pulse as it is propagated distally. This lack of agreement can be traced back to the fundamental question whether it is permissible mathematically to treat the vascular bed to a first approximation as a linear system. For these purposes a linear system is defined as one in which a "pure" sinusoidal pressure or flow wave will be transmitted only with changes in magnitude and phase but without changes in shape, i.e., without distortion.
The most comprehensive linear mathematical description of the vascular system has been presented by Womersley. 21 In his theoretical development of the problem, Womersley described a plausible vascular model which in its initial form contained a number of nonlinear components. He assumed linear solutions for the equations of this model from which it was possible to return to the nonlinear equations and develop a set of mathematical criteria or indices from which it is possible to estimate the degree to which the linear solutions will be in error when applied to the real situation. Although a number of such criteria are scattered throughout his 
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work, three particular ones should be mentioned because circumstances arise in which these criteria would lead one to expect a certain amount of deviation from linear behavior in the real situation.
The first of these criteria for linear behavior requires that the radial and longitudinal blood velocities (ii and w respectively) divided by the pulse wave velocity (c) be very small compared to unity, i.e., u/c and <b/c « 1
Current evidence indicates first w > > u~- 23 and that u> may occasionally be as large as 50 cm/sec. 24 If one assumes c to be about 6000 cm/sec, 2B then the above ratios will seldom ever exceed 0.01.
The second criterion for linearity" is that the ratio of the radial displacement (£) of the vessel wall with each pulsation to the mean vessel radius (R) be small compared to unity, i.e., i/R«l (3) and moreover that over the range of f the pressure vs. radius relationship not deviate greatly from linearity. Current evidence indicates that f/R may approach 0.05 in the ascending aorta but decreases to about 0.01 peripherally. 26 In vivo experiments in dogs suggest that over these relatively small displacements the pressure-radius relationship does not vary significantly from a straight line. 27 .
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The third criterion for linearity is that the product of frequency (n) times mean vessel radius (R) divided by the pulse wave velocity (c) be small compared to unity, i.e., n R / c « l (4) Assuming a radius of 1 cm, a frequency (n) of 120 radians/sec (about 20 cycles/sec) and a pulse wave velocity of 6000 cm/sec, this ratio can become as large as 0.02.
Thus, it can be seen that these indices of nonlinearity although small are not vanishingly so. It is possible that the details of pressure wave transmission may be influenced to varying degrees by the net effect of all of these small "nonlinearities." It is with these facts in mind that one must approach any linear analysis of vascular dynamics.
It is possible by Fourier analysis to resolve any complex periodic wave into its sinusoidal components. If the system is linear, it is possible to study the transmission of each of these components individually and independently of the others. This permits certain general inferences to be drawn regarding the change in modulus and phase of any particular sinusoidal wave as it is propagated along the vascular tree. If the vascular system is nonlinear, i.e., if the ratios described above become large, then no general statements can be made from Fourier analysis regarding the mechanical behavior of the system. Nevertheless, Fourier representation of the pressure events would still be an empirical representation of the periodic pressure functions at various points along the tree, with no simple physical interpretation. Such a representation will be generally helpful as future studies clarify the important variables governing the mechanical response of the vascular bed. In the meantime, it is useful to ask if the data in figures 2 and 3 exclude a 'linear interpretation."
In the first place, it can be seen from figure  2B that the phase angle of each frequency group decreases progressively down the aorta as would be expected in any linear wave transmitting system. This would not necessarily be the case if this method of analysis had been applied to a nonlinear system. The undulations in the phase vs. distance curve which may be seen particularly in the higher harmonics could be explained by changing velocities of wave transmission at various points related to nonuniformity of the vascular bed, or to the superposition of reflected waves. The latter explanation seems somewhat more probable since nonuniformkies in the physical properties of the bed would be expected to affect all harmonics in the same general way, i.e., if the bed becomes staffer at a given location, all harmonics would be expected to show changes of phase in the same direction. As can be seen in figure 2B , this is not the case.
The variation in phase angle with distance is perhaps seen more clearly when the associated apparent phase velocity is calculated from the data as was done in figure 3 . It is noted that the apparent phase velocity varies rather widely with both frequency and position along the aorta. As suggested by MacDonald and Taylor, 12 as well as others, 0 ' 14 these wide variations in apparent phase velocity are probably best explained by the presence of superimposed reflections. The lower frequencies are less attentuated as they are propagated and therefore tend to have much stronger reflections than the higher frequencies. Consequently, the effect of reflections should be seen to be greatest at the low frequencies and to be least for the high frequencies. Study of figure 3 suggests that the apparent phase velocities are tending to come together at some constant value at the high frequency end of the scale. In the absence of reflections the apparent phase velocity becomes the true phase velocity determined only by the physical properties of the blood vessel and its contained blood at the site of measurement. From the results seen in figure  3 it appears that the true phase velocity is probably around 5 m/sec.
The product of the true phase velocity of a wave and its period is the wave length. Since the length of the aorta over which these measurements were taken was approximately 40 cm, it is reasonable to expect that multiples of one-fourth wave length could be found in the aorta, particularly in the higher harmonics. It would also be reasonable to expect that one might see vestiges of various standing wave systems under these circumstances provided the frictional losses were not too great and reflections were present. To explore this further, examine the moduli in figure 2A which are plotted for the various harmonics as a function of distance along the aorta. As noted earlier the moduli increase with distance in most cases. The tendency for the harmonics to increase in magnitude with distance along the aorta could be explained on the basis of the development of a pressure node in the standing wave system in the lower aorta or iliac arteries. However, referring again to figure 2B, it can be seen that the phase differences along the entire aorta of frequency groups 3 through 7 are all greater than 90°. If a standing wave system were present, one would expect to see the typical patterns of node and antinode in integer multiples of one-fourth wave lengths in frequency groups 3 and greater. Although there are some minor undulations in the modulus vs. distance curve which may be caused by reflections, it is quite unlikely that the tendency for progressive increase in modulus with distance can be explained on this basis without invoking very unusual properties for the system. A more reasonable explanation would be that described by Taylor. 18 He points out that as the vascular bed becomes progressively less compliant peripherally, producing an increasing hydraulic impedance with distance along the aorta, there must be necessarily a concomitant rise in the pressure modulus for each harmonic. This situation is analogous to that in a tapered electrical transmission line.
A discussion of pulse waves would not be complete without mentioning the alternate school of thought which attributes almost all the change in the pressure contour as it is propagated peripherally to the nonlinear behavior of the vascular bed. 3 Although the evidence cited earlier from in vivo measurements of the pressure-radius relationship indicates that over the pressure range of interest, i.e., the pulse pressure, blood vessels appear to be reasonably linear devices, 28 it is true that when wide ranges of distending pressure are considered, the vessel becomes progressively stiffer with increasing pressure. Moreover, the transmission velocity of a pressure disturbance is approximately proportional to the square root of the stiffness. From these observations it is argued that the systolic portions of the pressure curve will be propagated at a faster rate than the diastolic portion causing a progressive peaking of the pressure contour. 8 These arguments are necessarily only semiquantitative since mathematical tools have not been developed which perCircuUtion Rnurcb, Vol. XV, Dictmbtr 1964 PRESSURE DISTRIBUTION ALONG THE AORTA 509 mit analytic solution of this problem. Thus, the theoretical basis of this school of thought is weak and poorly supported by evidence, particularly since almost all of the experimental observations to date, when restricted to the range of the pulse pressure, are easily explained by the linear approximations described above, including the occurrence of "peaking."
A possible exception to the linear interpretation is the interesting work of Landowne. 20 He used an electrically actuated device to produce sharp impacts on the surface of the brachial artery. Pressures were measured simultaneously just distal to this device and at the radial artery with high fidelity manometer systems. He obtained the usual pressure contours on which were superimposed sharp "spikes" of pressure created by the impacts upstream. Using occlusive techniques he was able to produce various levels of distending pressure. From measurements of the transit times of these spikes at different pressures he was able to calculate the transmission velocities as a function of distending pressure. Under the circumstances of his study it appears that, on the average, transmission velocity increases about 10 to 203! over the range of the pulse pressure. However, it should be noted that these impacts have a frequency content far in excess of that permitted in the linear interpretation as defined earlier. Clearly, if the extremely high frequency events or wide pulse pressures assume physiologic importance in a particular problem, application of any linear theory must be approached with extreme caution. On the other hand, the major features of vascular pulses are represented adequately by a relatively low frequency spectra and occur within a rather restricted range of pulse pressure. Within these restrictions there is no evidence, either in die literature or in the data presented in this communication, that is inconsistent with a linear interpretation of circulatory dynamics. Therefore, until definitive studies can be carried out in which discrete pure sinusoidal waves are used to "drive" the vascular bed, it would seem CircMlttion Ktsurcb. Vol. XV, Dtcembtr 1964 that a tentative application of the linear approximations as set down by Womersley, 21 MacDonald and Taylor, 12 and Taylor 18 remains the most practical approach for study of circulatory dynamics.
Summary
Pressures at various points of the human aorta were recorded and resolved into their sinusoidal components by Fourier analysis. A progressively decreasing phase angle with distance along the aorta was found. This was considered compatible with a traveling wave system. The pressure moduli generally increased with distance along the aorta. This was attributed to the progressively increasing stiffness of the aorta peripherally. Minor undulations in moduli could be explained on the basis of superimposed reflections.
The apparent phase velocities were calculated for various points along the aorta. They tended to converge at higher frequencies to a value of 5 m/sec.
